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Fnr Has vARTABLE BUT rREDICTABLE EFFECTS on individual plants.
Tfanslating these from the physical to the physiological helps us
understand how fire affects vegetation not only at the level of the
individual plant but also at the levels of the plant community and
the landscape. Further, vegetation provides the fuel that makes fire
possible, so we can view fire effects on vegetation as an interaction
rather than just a unidirectional effect.

This chapter first describes mechanisms of fire damage to individ-
ual plant parts. The differential response of plants may be due to fire
variation or to specific adaptations of plants to survive as individ-
uals. Some species with clear adaptations to fire may appear to
increase the flammability of the community within which they
grow but the issue of fire-dependent ecosystems is a controversial
topic on which debate is likely to continue. Also controversial, at
least historically, has been the role of fire in plant succession theory.
In recent years the emphasis has moved away from the develop-
ment of al l-encompassing theories of vegetation development to
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the construct ion of  process-or iented ecologica l  models.  These dv-
namic models can incorporate f i re  as an ecologica l  proCesS,  apd

several models appl icable to the Pacif ic Northwest are conceptual lv

described in this .hupt.. .  Such models have value in l inking physl-

o logica l  processes of  ind iv idual  p lants to  in teract ions at  the commu-

ni ty  and landscape levels .

FIRE AND THE INDIVIDUAL PLANT

Trees can be injured by f ire in several ways. Fol iage and buds can be

ki l led in the crown of the tree, the bole can be heated to a point

where part or al l  of the cambium is ki l led, or the roots can be heated

and k i l led.  Each of  these types of  damage depends upon le thal  heat

contacti l tg l ive t issue. Although f ire temperatures usualiy exceed

600'C in the f laming zone, plant t issue may be protected from these

temperatures by insulat ion prov ided by the soi l ,  by t rec bark,  or  by

location in the crown of the tree far above the f lames and lethai

hea t .
There is no single cri t ical temperature for t issue death, although

durat ion of  60"C for  I  minute is  of ten noted by researchers as a
"standard"  le thal  t ime-temperature combinat ion ( I (ay l l  1968,

Methven l97 l ) .  Others (Lorenz 1939,  Seidel  I986) ,  us ing water

baths or dry heat, have shown i imited survival of seedlings up to

65"C for  I  minute.  Wr ight  and Bai ley ( I982)  repor tcd that  St ipa

comata culms survived exposure to )60oC for I  minute regardless of

the moisture content .  For  most  purposes the 60"C/  l  min combina-

t ion is an acceptable iethal heat cr i ter ion for breakdown of cel l

protoplasm. Heat experiments have primari ly been made with seed-

l ings, and when f ire burns across a site, even i f  i t  is a low intensity

underburn, i t  t- isual ly consumes the seedlings in i ts path. Thc use of

seedlings in laboratory experiments, however, has been helpful in

predict ing effects on plant t issue. The results are appl icable to ma-

ture piants, which may be subjected to lethal heat over only a

por t ion of  the i r  leaves,  s tems,  or  roots.
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Cnowx Davtacn

Above every fire is a zone within which living tissue wili be killed by

the hot gases. The maximum height of the zone is related to f irei ine

intensity (the rate of energy release per unit  length of f i rel ine; see

chapter I  ) ,  the ambient temperature, and the windspeed (Van Wag-

ner 1973). Increasing f irel ine intensity wi l l  increase scorch height as

the energy release rate increases. As ambient temperature in-

creases, less heat is needed from the f ire to reach lethal tempera-

tures. Increasing wind tends to level the convection column,

reducing scorch height for a given fireline intensity. If wind is

increased with other factors constant, this can cause fireline inten-

sity to increase and scorch height to increase.
The no wtndl25"C relation between fireline intensity (I, in kW

m-t) and scorch height (h'  in m) is

h,  :  0 '148I2/ )

(see Fig. 5.1). Corrections for dif ferent ambient temperature and
windspeed condit ions (Fig. 5.2A,8) can be graphical ly appl ied to the
scorch height calculated from this equation (Van Wagner 1973; see
Albini 1976 for English units).

In the derivation of this relat ionship, Van Wagner (1973) recog-
nized that slightly higher temperatures might be required for dor-
mant tissue to be killed. Variable sensitivity to temperature in the
tree crown due to the dormancy effect and bud size was incorporated
into a cro\,vn damage model for northern Rocky Mountain conifers
(Peterson and Ryan I986). Peterson and Ryan defined three levels of
temperature considered lethal after one minute: 60oC, 65oC, and
70"C. The 60o level was appiied to trees with small  buds, such as
Douglas-f ir ,  during the growing season. The 65" level was applied to
small-bud species during the dormant season and to large-bud spe-
cies l ike ponderosa pine during the growing season. The 70' level
was applied to large-bud species during the dormant season.

Actual crown mortality requires the integration of crown scorch
height with crown dimensions of an individual tree. (The ability of
crowns to resprout from axillary or adventitious buds after being
scorched or burned wil l  be discussed later.) For completely scorched
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between scorch height' h' and fre intensity' I' tn

trees, crown morphology may not be relevant, as the entire crown

may be killed. For taller trees, the base of the live crown, the shape

of the crown, and the height of the tree will influence the propor-

tion of the tree .io*" thaiis likely to be killed' Proportion of crown

volume kilied is a better predictor of postfi 're tree condition than

scorch height (peterson l9S5t, becausl.the former is more highly

associated with injury to the tree than the iatter'

Geometric solids have been used to describe crown shape (Table

5.1), and crow., uot..*e can be calculated based on crown diameter

and heigfrt. Specin.a solids may not accurately represent crown

shapes, particularly if one crown shape is assumed to represent all

individuals of one or more species. scorch height may not be the

same all around the tree, particularly on slopes, where scorch

Frc. 5. l .  ExPerimental relat ion

kW m-1 .
(From Van Wagner 197)l
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Frc.5.2. A: Theoretical relation betuveen scorch height and air temperature for three

firetine intensity levels.B: Theoretical relation between scorch height and wind at 25"C for

three fireline intensity levels. Actual data range shown by vertical lines.

(From Van Wagner 1973)

height will be higher on the upslope side of the tree (Peterson

l9g5). An average scorch height can be applied to estimate affected

crown volume in this case (Fig. 5'3) '

It is often desirable to reconstruct fi.reline intensity in postfire

monitoring to compare fire effects in different fires or different areas

of a single f ire. Because scorch height depends on windspeed and

ambient temperature as well as fireline intensity, some estimates of

Teerr 5.I. CnowN SnepES or SrvEner P,tctrtC NonrHwESr Tnrr SprCmS

lPancerurecrs)

Crown Shape Douglas-Fir

Lodgepole
Pine

Subalpine
Fir

Western
Redcedar

Paraboloid
Cone

'El l ipsoid

Cylinder

7 8 . 0
1 6 . 0

5 . 0
1 . 0

4 1 . 1
I 1 . 0
2 2 . 3

) . 6

2 3 . 8
48.8
2 2 . 7

4 .7

5 7 . 1
1 8 . 2
24 .7

0
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souRcE: Peterson 1985.
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FIc. 5 .1. Fraction of crown volume ki l led

calcttlated b1t hcighr of crot'vn kill thol' tree

height (h,),  and crown length (c,\ '  Shd;led

area indicates crown kill '

{From Peterson and R,van 1986)

the windspeed and temperature are essential i f  a f irel ine intensity

estimate within a narrow range is desired. In one experiment on

Iobiol ly and short leaf pines (Pinus taeda and P echinata) '  f i rel ine

intensity of underburns was underestimated by a factor of three

when reconstructed f rom scorch height  (Cain 1984) '

Bom Demecr

Tree stems may also be damaged by f ire, even though they often have

a thick bark that insulates the cambium against the heat from forest

f ires. when a f ire approaches a tree bole, i t  rarely produces an even

distr ibution of heai around the stem. This uneven distr ibution of

heat wi l l  sometimes result in the death of the cambium on one side of

thc tree, creating a f ire scar; in other cases, enough heat penetrates

the bark to ki l l  the cambium around i ts entire circumference'

The uneven distr ibution of heat around a tree bole as a f lre passes

is caused by the presence of a cyl inder (the bole) in three-

dimensional ai*pui. .  The cyl inder effect was demonstrated by Gil l

( lg7 41, who posit ioned metal rods of varying diameters at various

distances from a stat ionary f lame source. Maximum flame heights
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were observed on the leeward side of the rods. The diameter of the

rods also affected f lame height, but only on the lee side. Ihese

results suggest that the lee side of the tree is more l ikely to receive

higher heat loads at the bark surface, and that larger diameter trees

may experience more heat than smaller diameter trees. This might

help to explain a commonly observed pattern of fire scarring in

ponderosa pine forests, where frequent, low intensity fires histori-

caily occurred. Some trees remain unscarred until they are perhaps

30-50 cm in diameter, and then become scarred and rescarred by

most later fires at frequent intervals. The smaller trees, even with

thinner bark, may not create enough of an eddy effect on their lee

side to cause fi.re scars to form.

The flame experiment results of Gill (1974), which were collected

in a laboratory setting, are consistent with temperature data col-

lected around the bases of trees during wildland fires. Synthetic

trees placed in a grassland with fuel 70 cm tall recorded highest

temperatures on lee aspects and at a height of 40 cm (Tunstali et al.

lg7 6). On trees surrounded by pine l i t ter, Fahnestock and Hare

(1964\ found lee aspects to have the highest temperatures (Fig.

5.4\ . The highest temperature recorded (846"C ) was from a headfire

on the lee side of a tree at about I m above the ground.

Bark plates had higher temperatures than bark fissures, and more

heat was applied by heading than backing fires to the lee side of the

tree up to I m above the ground. In simulated fires at 0.3 m above a

i ighted wick around the tree bole, Hare (L965) found lee aspect

temperatures of 538"C compared to 260"C on the windward aspect.

Fire scars are more likely to occur on the upslope sides of tree boles

because of the eddy effect from headfires, and also because head-

fires on a slope are usually of higher intensity than backing fires due

to prehearing of fuels ahead of the fire by radiation and convection.

The upslope side of the tree may also act as a catchment for fuels

rolling downslope between fire events, possibly increasing fire in-

tensity on that side of the tree, but such fuel accretion is not neces-

sary for accelerated fire behavior and fire scarring.
The effect of bole heating on the cambium depends on how well it

is insulated from the heat applied to the exterior of the bark. Heat
transfer through bark is a complex process, but with several sim-
plifying assumptions it can be adequately modeled to predict pas-

sage of a temperature pulse through bark. Thermal diffusivity, by
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for heat conduction (Brown and Marco (1958'

temperature pulse moves through a material:
is

Fourier 's equatlon

the rate at which a

where

K
d - . - -

c p

a = thermal dif fusivi tY (cm'sec-r)

k - thermal conductivi ty (cal cm-r sec-t deg-i )

c :  heat capacitY (cal gm-t deg-t)

p = densitY of material (g cm-')

00

Thermal diffusivity increases as conductivity incrtu::.t^' but de-

creases as density or heat capacity increases' Because diffusivity is

the ratio of several quantities, its dimensions are not readily inter-

pretabie in a physicat sense (Spalt and Reifsnyder 1962)' A good

insulating .rrur.rial, such u, url.rros, has a thermal diffusivity of

2 . 5 X 1 0 . ] c m 2 s e c - l . A n a v e r a g e t h e r m a l d i f f u s i v i t y f o r b a r k i s
about  l . l -1 .3 x  l0- r  cm2 sec-r -  (Mart in  196.  ,  Rei fsnyder  et  a l '

1967), which makes bark more efflcient than asbestos as an insula-

tor. Bark, however, is a composite of several different materials:

the bark solids, entrappea ceus of air, and a seasonally varying

moisture .orr,.rrr. rhiimal diff usivity might vary considerably

based on bark structure, surface texture, and moisture content'

particularly with the high thermal conductivity and high heat

capacitY of water'
As moisture is added to bark, thermal diffusivity does indeed

decrease, primari ly due to the high heat capacity of water (Fig'  5'5) '

Reifsnyder et al.  ( l  g67) suggested that the actttal moisture content

of the outer bark of red pine \Pinus resinosa) does not seasonally vary

as widely as the limits in Figure 5.5. Therefore, differences in cam-

bial heating resulting from thermal diffusivity changes due to bark

moisture content or species-specific bark Structure are expected to

vary by a factor of l. 5-2 at-brt. There appears to be a much more

important factor involved in cambial protection: bark thickness'

The thickness of the material through which the temperature

pulse is moving has a large effect on the temperature experienced at

the inner edge of the material. Bark thickness is the most important

bark characteristic in assessing cambial protection from fire (Martin

1  r p t
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Frc. 5 .5. Thermal diffusivity of bark as a function of
moisture content and dry density.
(From Rei fsnydcr  e t  a l .  1967)

1963,  Rei fsnyder  et  a l .  1967,  uhi  and I (auf fman 1990) .  protect ion
increases with the square of the bark thickness. Ryan and Reinhardt
(1988)  found a 4O-fo ld d i f ference in  computed bark th ickness for
seven Pacif i  c Northwest conifers, implying dif ferential susceptibi l i ty
to injury from f ire. Bark thickness can be predicted from diameter of
outside bark (Tabie 5.2), so that cambial damage from a given
firel ine intensity can be predicted from stand-level information.

A cri t icai t ime for cambial ki l l  can be derived as a function of tree
diameter  (F ig.  i .6 \ .  This  re lat ionship is  based on bark th ickness as a
funct ion of  species and d iameter .  peterson and Ryan ( I9g6) ,  us ing
the work of  Hare (196i )  and spal t  and Rei fsnyder  \1964 and
assuming a f ire temperature of 500oc, developed the equation:
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t  - ) Q v 2
- c

where

t. - critical time to cambial kill (minutes)
x - bark thickness (cm)

For example, a specie s with a bark thickness of 0.6 cm could survive

f or about I minute, while a tree with bark thicknes s of. 2.6 cm could

survive for about 20 minutes, independent of other deleterious

effects of the fire.
Bark thickness is not uniform around the tree; instead, it is

thicker along some radii and thinner along others. The so-called

bark fissures, comprising younger bark, will experience lower tem-
peratures in a flre (Fahnestock and Hare 1964), but often have a
higher probability of cambial kill due to the thinner bark. On thick-
barked species, such as Douglas-fir, the fissures are likely places for
repeated cambial ki l l  along the same bole radius (Fig. 5.7).Species
with rough-textured bark may experience lower average tempera-

rures at the bark surface than smooth-barked species (Uhl and
I(auffman 1990).

If the heat pulse is sufficient to kill the cambium but of limited
spatial extent on the bole, fluid movement within the tree's inner
bark or xylem may translocate heat sufficiently to prevent cambial
ki l l  (Vines 1968).I t  was not clear from Vines's experiment whether
this reaction was a physiological response on the part of the tree or a

Tesrr 5.2. Snvcrn Bnnr TsrcrNrss (BT) ns a FuNcuoN oE Drervrrrrn Ourstot:
BaRr (DOB) roR SEvEN WEsrEnN NoRrs A,vffiRrcRN CoNtpEn Spsctes

123

Species
Equation
(cml Source

Douglas-f ir
Western larch
Engelmann spruce
Lodgepole pine
Subalpine fir
Western redcedar
Western hemlock

BT :  0 .065  DOB Monse rud  1979
BT  :  -  0 .1L43  +  0 .0629  DOB Fau ro t  1977
BT = 0.189 + 0 .022 DOB Smi th  and I (ozak 1967

BT  =  0 .0688  +  0 .0143  DOB Fau ro t  1977
B T : 0 . 0 1 5  D O B  F i n c h  1 9 4 8
BT :  0 .386  +  0 .021  DOB Smi th  and  I ( ozak  1967

BT = 0.056 + 0 .041 DOB Smi th  and I (ozak 1967

souRcE: Ryan and Reinhardt  l9gg.
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Frc. 5.6. Critical time for cambial kill as a function of tree
diameter and species. Species are Douglas-fir (DF), western larch
(WL), ponderosa pine (PP), western hemlock (WH), grand fr
(GF), Engelmann spruce \ESl, western white pine (WP), western
redcedar (WR), lodgepole pine (LP), and subalpine fir (SF).
(From Peterson and Ryan 1986)

physical effect of heating the bark. A factor that can have the
opposite effect is bark flammability. If the bark catches fire, it will
produce heat that can affect the cambium at the same time as its
thickness-and insulating ability-is being reduced (Gill and Ash-
ton  1968 ,  V ines  1968) .

Height of bark char has been used ro estimate flame height (not
length) and fireline intensity (McNab 1977). An experimenr in
loblol ly and short leaf pine (Cain 1984) demonstrated that height of
bark char underestimated flame length for both heading and back-
ing fires. If the bark is flammable or has heavy lichen cover, the
height of bark char may exceed flame height on the landscape,
resulting in overestimates of fireline intensity.
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Ftc.5.7. Douglas-fir showing two grown-over fire scars
(arrowsl. Note the thinner bark at the intersection of the
tree circumference with a radius drawn throuqh the
nvo scars.

Roor Dauecr

Damage to roots from prescribed or wild fires has not been studied
intensively. small-diameter (fine) roots are more susceptible to
damage than larger roots because of thinner bark. Root damage
usually accompanies bole damage, so its effects may be confouncled
with heating of the basal portion of the tree stem. However, roots

*
F*
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can be ki l led at some distance from the stem r,vhi le the stem is
unaffected by heat.

Early reports of f ine-root ki l l  to 2.5 cm soi l  depth in southern pine
(Heyward 1934) concluded that l i t t le harm was done, because
many of these roots die annually anywaY.More recent reports have
documented f ine-root mortal i ty from low intensity underburns and
have l inked the root effects to growth reductions in young pon-
derosa pine stands (Grier 1989) and to tree mortal i ty in low vigor,
o ld-growth ponderosa p ine stands (Swezy and Agee l99 l ) .  The
impact on the tree from f ine-root ki l l  may also depend on season of
burning; trees may be less dependent on f ine roots in autl lmn, a
time of natural root turnover, than in spring while entering the
season of drought. Both ponderosa pine studies measured f ine-root
impact from spring burning; surveys of old-growth pine burned in
autumn months found no increased levels of tree mortal i ty over a
l0 year  post f i re  per iod (Swezy and Agee l99 l ) .

FnE AoaprerroNs

Methods of categorrzing tree response to flre were developed early
in the history of American forestry. The U.S. Geological Survey
published the f irst table of relat ive f ire resistance for species in the
Cascade Mountains (Gorman IS99). A more detai led descript ion of
fire resistance of common species of the Pacific Northwest was
available by 1925 (Fl int 1925). This system was sl ightly expanded
by Starker  (1934\  in  a more nat ional  survey (Table 5.3) ,These
systems were based on the relative resistance of mature individuals
to fire.

The f irst treatment of f i re adaptations in an ecology textbook
came rn 1947 with Daubenmire's Plants and Environment. Ftre was
recognized as an environmental "factor" equivalent to l ight and
water "factors," and diStinct from other effects of the "temperature

factor." Daubenmire (1947) defined seven adaptational features
that facilitated woody plant persistence under repeated burning.
Although Daubenmire's work marked an important beginning to
the classification of plant adaptation to fire, these seven adaptations
are not all exclusively related to fi.re, and at least one may have little
to do with fire.
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I  )  Germination. Some shrubs possess hard-coated seeds that l ie
dormant in the soi l  unti l  a f i re passes. Density of snowbrush
(Ceanothus velt t t inzs) in the soi l  may exceed l2 mil l ion ha-r (Weath-

erspoon 1988). Some seeds are consumed by f ire, but others are

scarified, which later allows them to imbibe water and germinate in
a nutr ient-r ich and competit ion-free environment. Such seeds are
common in Ceanothus (Fig. 5.8), Arctostaphylos, and Rhus (Dauben-
mire L959), and these seeds are thought to remain viable in the soil
for several decades (Quick 1977). I(auffman and Mart in (1991)
reported optimum scarification temperatures for deerbrush
(Ceanothus integerrimus) of.75-l00oC, with wet heat more effective
than dry heat at 4-8 min exposure. Exposure above 120"C for 4-8
min caused significant mortality, suggesting a heat threshold above
which survival is low to absent. This is why such seedlings will not
be found within the perimeter of srnall burn piles in mixed-conifer
forest but will germinate in profusion around the edge.

2) Rapid growth and development. Some woody species have life
history characteristics that enable them to complete a life cycle
quickly. This enables them to provide seed in the event of two
closely spaced fires. Bishop pine (Pinus muricata) along the Califor-
nia coast can produce viable seed at a young age (Daubenmire
1959). Longleaf pine (Pinus palustr is) in the Southeast undergoes a
"grass stage" where it resembles a perennial grass for several years
while developing a deep root system (Fig. 5.9).The terminal bud
remains in the center of this cluster of foliage, protected from the
typical frequent, low intensity fires that burned through the region.
The shoot then begins to grow rapidly, carrying the terminal bud
above the zone of lethal heat injury. A similar adaptation is present
in the Mexican pines Pinus montezumae and Pinus michoacana (Perry
l99l).An example of a developmental adaptation to f ire is an
increase in flowering (Biswell and Lemon I94)). In the Pacific
Northwest, Thurber's needlegrass (Stipa thurberiana) and Great Ba-
sin wildrye (Elymus cinereus) show increased flowering after burning
(Wright and l(lemmedson 1965, I(auffman I 990).

3) Fire-resistant foliage. Daubenmire defined this adaptation
on the basis of absence of high resin or oil content, so that normal
foliar moisture content could stop a fire encountering the plant.
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In fact, this is not an adaptation to fire at ali. Considerable debate
has accompanied a hypothesis that some f ire-depenclent commu_
nities may have evolved flammable characteristics in response to
natural select ion (Mutch 1970), but to propose that absence of
such traits consti tutes a f ire adaptation is without basis. Some
plants (e.g., Atr iplex spp.) possess higher than average levels of
chemicais (particularly silica-free ash content and the sum of cal-
cium plus phosphorus content) that inhibit the combustion pro_
cess (Philpot 1970, Nord and Green lg77), but alternare
explanations for such compounds may be more easily defended
than the proposition that these are fire-derived traitr. uigf, mois-
ture content of foliage clearly reduces the probability tt foliar
ignition, but this trait appears to be more a furrction of siie and leaf
age than an adaptation to fire.

4) Fire-resistant bark Bark thickness, as noted earlier, can be a
critical factor in determining plant survival. Western larch, Douglas-
fir, and ponderosa pine all have bark thicker than associated species
(Fig. 5.6), and are more l ikely to survive f ires of low to moderate
severity. Even thinner bark on mature trees, such as oregon white
oak (Quercus garryana), is sufficient to withstand camb]al kill in
savanna environments, where fires tend to be flashy and of low
duration.

5) Adventitious 0r latent axilrary buds, Many shrub species and a
wide variety of tree species can regenerate crowns after fire by
sprouting of buds along the stem, at the stem base, or from lateral
roots (Fig. 5. l0A-c ).  Epicormic sprouting from aerial buds depe nds
on whether the crown was scorched or consumed. In crown fires,
buds behind thin bark on fine branches will be killed, and epicormic
sprouting will occur only along branches and stems exceeding a
certain diameter, representing the lower limit of bark thickness that
withstood the lethal temperatures. Such ,,fire columns ,, are com_
mon rn Eucalyplrzs spp. and pitch pine (pinus rigida) in the easrern
united states. coast redwood (sequoia sempervirens), bigcone
Dougias-fir (Pseudorsuga macrocarpa), and the oaks (euercus spp.)
commonly sprout new crowns after crown scorch or consumption.
Basal sprouting may occur (Betula, Arbutus, Lithocarpus, euercus,ceanothu.r spp.) if aerial foliage and buds, or the cambium of the



Ftc. 5.10. Three types of sprouting resplnse to fre. A: Sprouting along the stem in oak
(Quercus spp l .B: Root suckering in aspen (Populus tremuloides). C: Sprouting

from the r00t cr lwn in chamise (Adenostoma fasciculatum).
(Aspen photo courtesy Dr. L. Brubaker;
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main stem of the tree, are severely injured or ki l led. size and age are
likery to influence rhe ability of a planr ro sprout after fire (I(auff_
man 1990)' Species like quaking aspe n (populrts tremuloidel or ore-gon white oak can produce sprouts from lateral roots after the death
of the main stem. such cronar development can be a primary regen_
eration mechanism for some species.

6) Lignotubers' A lignotuber is a basal swelling at rhe interface
between root and shoot that contains buds and food reserves(James r9g4). When the shoots are ki lred by f ire, do.mant budsinsulated by the soil remain alive and are stimurated to sprour,
using the stored food reserves. Lignotubers in Australian euca_lyptus have exceeded several mete-rs in diameter, but commonry
are much smaller in the western united states. The issue of whena normal root crown with buds becomes a rignotuber has beendebated since Jepson (r916) f irst described these root crown"burls." From local observation, species with lignotubers (Arc-tostaphylos, Adenostoma) typically have a spherical mass of tissuefrom which roots emerge o.t o.r. side and shoots on the other (Fig.5.1l),  in contrast to nonl ignotuberous species that may have indi_vidual shoot- or roor-rerated basar sweilings (e.g., bitterbru sh [pur_shia tridentatal). Lignotubers may maintain dominance of theindividual in the commmunity oui. several generations, until thedormant buds at the surface of the lignotuber are pushed fromthe soil by growth of the lignotuber oJ.rpored by erosion of soilaround the base; a succeeding fire can trren kilr the buds and theplant will die. I have observed this in chamise (Adenostoma fas_ciculatum) in coastal California chaparral.

7) serotinous cones. serotinous means ,,late opening ,,, andthis ad_aptation refers to cones that retain seeds in the ,r.". .u.ropy ro. along t ime (Fig. 5.r2). Viable seed has been removed from rodgepolepine (Pinus contorta var. ratiforia) cone, 7t;;urs after cone marura_tion (clements l9l0). uoi alr cones within a rree or species aretypically serotinous, so that the species may respond to other distur_bances, such as insect attack. For exampre, much of the lodgepolepine in the pumice region of south-...rt.ul oregon and the cascadesand Sierra Nevada (p contorta var. murrayana) is nonserotinous(Stuarr et al. r 9g9). Fires burning through the crown mert the resin
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Frc.  5 .11.  Manzani ta  \Arc tostaphy los spp. \  w i th  l ignotuber  as an ard in  sprout tng

resp,nse. The chamise plant of Figure 5 10C has a lignotttber too.

Seal  on serot inous cones,  and they open SoOn af ter '  Perry  and

Lo tan  (1977)  found  100  percen t  o f  heav i i y  se ro t inous  cones  o f

lodgepole p ine opening af te  r  t reatment  in  a water  bath at  60"C for

two minutes.  but  many cones f rom less serot inous t rees opened at

room tempe rature.  The Cal i f  orn ia c losed-cone p ines,  Such aS

knobcone p ine (Pinus at tentuata) ,  b ishop p ine,  and Monterey p ine

(Pint ts  radiata) ;  the Mer ican c losed-cone p ines;  Baker  cypress (C, l -

pressLts bakeri\  in the Siskiyou and I( lamath l \ lountains; and semi-

serorinous black spruce (Picea mariana) and jack pine \Pintrs bank'

s iana\  of  the boreal  forest  are other  examples of  species wi th

serot inous cones.
A broad biological classif icat ion of plant response to disturbance

was developed by nowe (19S3). He defined f ive categories of plant

response based on l i fe-h is tory character is t ics of  species.  Some of  the

categories may not be exclusively related to f ire, but characterist ics

of  f i re  regime are incorporated in to th is  syste ln (e 'g ' ,  res is ter  cate-

g o r y ) :
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FIc. 5.L2. Serotinous clnes of lodgepole pine opening the day after awildfire. Seeds
blow through the air and become buried in fresh ash from the fre.

Invaders. Highly dispersive, pioneering fugitives with short-
lived disseminules. Plants such as fireweed (Epilobium an-
gustifolium), scouler's willow (Salix scouleriana), and cotton-
wood (Populus spp.) are typical invaders, generally needing
disturbance to occupy a site.
Evaders. This caregory includes species with relatively long-
lived propagules that are stored in the soil or canopy. The
species thus evades elimination from the site. Daubenmire,s
"germination" and "serotinous cone', adaptations both fit the
evader category.
Avoiders. These are generally shade-tolerant, late successional
species that slowly reinvade burned areas and have essentially
no adaptation to f ire .  Hemlocks (Tsuga spp.), western juniper
(Juniperus occidentalis), and subalpin e fir (Abies lasiocarpa) are
good examples of avoider specres. Herbaceous species with
reproductive parts in the litter layer are likely to be killed even
by low intensity f i res (Fl inn and wein L977), and would also
be classified as avoiders.
Resisters. These are species that can survive low intensity fires

l .

2 .

3 .

4 .
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relat iveiy unscathed. Thick-barked species, such as Dougias_fir ,
ponderosa pine, and western larch, are resisters.

5. Endurers. These species have the ability to resprout from the root
crown, laterai roots, or the aerial crown. oaks, pacific madrone
(Arbutus menziesii), and various shrub species are among the
many species classed as endurers rn the pacific Northwest.

This system is a useful way to broadly classify the species on a site,
and i t  may be used to deveiop general ized responses to f ire regimes:
a low severity fire will favor resisters, while a high severity fiie will
favor invaders, evaders, and endurers. Ftre suppression wili generally
favor avoiders by allowing late successional species to eventuallv

":;:Ktir:*:'may fit more than one caresory because or -,,r,ipr.
adaptations or changes in morphology or physioiogy over time. For
example, lodgepole pine may be an invader in terms of its rapid
colonization of sites after fire, but it can also be an evader due to its
serotinous cones. Douglas-f ir  is an avoider when young but a resister
when mature. ceanothus has an evader strategy with refractory
seeds, and an endurer strategy because i t  sprouts after f i re. Re-
searchers should evaluate the possibility of dual classification when
considering each species on a site.

Another universal l i fe-form classif icat ion was developed in Aus-
tral ia by Gil l  (1980), but i t  has the disadvanrage of assuming 100
percent leaf death before entering the classif icat ion key (Table 5.4).
Species in fire regimes of moderate to low severity (particularly
resisters) are not well classified by this system, and although it may
fit the Australian experience, it is less universal than the system
developed by Rowe.

FIRE AND PLANT COMMUIVITIES

The adaptations discussed so far focus on characters of individual
species that allow them to respond to disturbance. Observations
that communities with many fire-adapted species are also more
"flammable" because of chemical or physical properties of fuels led
Mutch (1970, p. 1047) to propose the fol lowing hypothesis of
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